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Arrhenius parameters for the reaction of hydrogen atoms with ethanol, ettha@epropanol, and 2-propanol-

dz in aqueous solution have been determined by the use of pulse radiolysis and electron paramagnetic resonance
free induction decay attenuation measurements. At Z5,@he calculated rate constants for these compounds

are (2.044 0.06) x 107, (2.774 0.26) x 105, (1.01+ 0.07) x 1 and (1.56+ 0.07) x 10" dm® mol~ts™1,
respectively, with corresponding activation energies of 24:1M50 (6.5-81.3°C), 31.9+ 1.2 (22.4-79.6

°C), 22.00+ 0.26 (5.4-88.5°C), and 27.45+ 0.30 (5.786.5°C) kJ mol. The results of this study are
compared to previous reports and ab initio calculations.

1. Introduction ‘H+ CH,OH—H, + .CHZOH (1)

Despite the importance of hydrogen atom reactions in the
radiolysis of aqueous systems, particularly at low pH, to date
there have been relatively few absolute rate constants measure
for the reaction of hydrogen atoms with organic solutes. For
the most part these have been determined using EPR technique:’,og10 k, = (11.64+ 0.17)— [(29 400+ 800)/2.30RT] (2)
with reaction rate constants calculated from analysis of the
temporal behavior changes of the ERRatom signal upon the  This paper reports an extension of the earlier study, with the
addition of soluté:"*® For some systems, time-resolved meas- direct measurement of rate constants and activation energies
urements using optical monitoring of product formation or for the reaction of hydrogen atoms with the alcohols ethanol,
conductivity changes have also been possible. However, theethanolds, 2-propanol, and 2-propandf- Direct EPR detection
bulk of the hydrogen atom rate constants tabulated in the of the change in the hydrogen atom concentration following
compilations of Anbar et a7 and Buxton et a}® have been  pulse radiolysis was the monitoring method of chéi¢é as
deduced from indirect competition studies, by either steady stateconventional pulse radiolysis/optical transient absorption meth-
or pulsed electron techniques. odology is difficult to use given the weak absorption of product
radicals at very short wavelengths. The pulsed EPR-based free
induction decay (FID) attenuation metifo#21-22was used as
in the previous study because of the pseudo-first-order scaveng-
ing kinetics generally obtained.

in aqueous solution were directly determined over a wide range
f temperatures. Excellent Arrhenius behavior was obtained,
ith the measured values being well-described by the expression

Many compounds have been used as competition kinetic
standards for hydrogen atom reactions, one major group being
the lower molecular weight aliphatic alcohols. These com-
pounds undergo quantitative hydrogen atom abstraétiamd
have been used extensively to determine relative reaction rate, Experimental Section
constants for other solutes that do not produce molecular
hydrogen uponH atom reactiot’~1° In radiolysis studies a The procedure used for these experiments has been described
correction for the fundamental yield of molecular hydrogen in detail in several previous publicatiofis}**?2and thus only
obtained from intraspur reactions is also required. A convenient & brief description shall be given here. Hydrogen atoms were
variation has been the use of a deuterated alcohol as a standar@€nerated in aqueous solution within an EPR cavity by pulse
particularly 2-propanotl;, where the fundamental yield of radiolysis, using 3 Me_V electrons from a Van_ _de Graaff
atomic hydrogen is unambiguously determined from the HD accellerator. Stock solutions were prepared by addition of HCIO
product of abstractiof 18 (Mallinkrodt, AR grade, 69.05%) or phosphate buffer (Baker,

o . analyzed) to Millipore-filtered water. Exact acid concentrations
Of the many determinations of hydrogen atom reaction rate yzed) p

were determined by calculation from standardization of the

constants for these alcohols, almost all the measurements hav%oncentrated acid against 1.029 N HCI (Aldrich, Volumetric
been performed at room temperatL_Jre. In a recent study, Standard). As the vapor pressures of these alcohols is high, no
however, rate constants for the reaction of the hydrogen atompeaq space in the recirculating system could be tolerated: thus
with methanct the system was completely filled with Ar-saturated stock
solution (203.5+ 1.0) mL and then sealed. The solution was

* To whom correspondence is to be addressed. _ ~ flowed through a flat cell in the cavity at a rate sufficient to

" Work performed at Argonne under the auspices of the Office of Basic angyre that each cell volume was completely replaced between
Energy Sciences, Division of Chemical Science, US-DOE, under Contract . . .
W-31-109-ENG-38. pulses. The actual volume irradiated in each pulse was less

® Abstract published iAdvance ACS Abstractdanuary 15, 1997. than 0.10 mL.
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i _ Figure 2. Rate constant extrapolations to zero dose for aqueous
Figure 1. Dose dependence of the aqueous hydrogen atom scavenginghydrogen atom reaction with ethanol at pH 2.0 and 2ZQqm) and
rate constant determination for ethanol reaction at pH 2.0 and’22.0  61.5°C (@). Error bars shown correspond to one standard deviation

using the Van de Graaff 538), 25 (@), and 12 ns 4) pulse widths. obtained from the linear fit to the FID scavenging plots.
Solid lines are linear fits corresponding to calculated rate constants of

82£8i|9i0g1 x 10, (2_.20|i 0.02) x 107, and (2.01+ 0.03) x 107 where k{S] is the *H atom scavenging rate angk;[R]
mol™ s, respectively. represents the spin-dephasing contribution of second-order spin

The approximate average radiation dose for this cell volume €xchange and recombination reactions betwéeatoms and
was 1.5, 3.0, and 7.0 krad/pulse for the 12, 25, and 55 ns pulseso'[her free radicals. The observed dose dependence occurs when
used, respectively. For extrapolation to obtain the limiting, zero- the latter term is not sufficiently constant over the experimental
dose rate constants (see later), the relative dose values used wef#me scale of ca. ms. _
simply the average beam currents measured on a shutter To correct the measured rate constants for this dose de-
positioned before the irradiation cell for the three pulse widths. Péndence, limiting values were calculated by extrapolation to
These values were checked frequently to determine any smallZ€r0 dose, as shown in Figure 2. An excellent linear relationship
drift in the beam. A 35 ns microwave probe pulse was applied Was obtained, and for these rate constants a limiting value of
to the sample immediately after irradiation, and the resulting (1-83 £ 0.05) x 10" dm® mol™* s™* was obtained. This
free induction decay of theH atom low-field fn = %/,) EPR procedure was then repeated over the'tem.perature range 6.5
transition was recorded on a digital oscilloscope. Typically 81.3°C (values for 61.5C also shown in Figure 2), with all
500-2000 pulses were averaged to measure each FID, at athe extrapolated values given in Table 1 and shown in the
repetition rate of 120 Hz. Arrhenius plot of Figure 3. Using a @) weighted linear fit

Scavenging experiments were performed by successive injec-O" thgse values, the tempgrature-dependent rate constant is well-
tion of the ethanol (MidWest Grain Products Co., USP, 99.5%), described by the expression
ethanolds (Aldrich, 99+% atom D), 2-propanol (Aldrich, HPLC _ _
grade, 99.5%), or 2-propand-(Aldrich, 9% atom D) which 10g;0 Ky = (11.53+ 0.09) — [(24 100+ 500)/2.30KRT] (5)
had also been saturated with argon. Accuracy of these
concentrations is estimated at better than 2%.

All ab initio calculations were carried out using the SPAR-
TAN molecular modeling program of Wavefunction, Ific.

10° [Ethanol] (mol dm™)

with ks and T in units of dn? mol~? s71 and K, respectively.
This corresponds to an activation energy of 24.0.5 kJ mot ™.,
There have been many previous determinations, using a
variety of techniques, of the rate constant for this reactigf.
3. Results Our room temperature (223C) value of (1.83+ 0.05) x 107
' dm? mol-1s7tis in very good agreement with the recommended
*H Reaction with Ethanol. The overall hydrogen atom  value of 1.7x 107 dm® mol-% s~ 18 and at the low end of the
scavenging rate constant at pH 2.0 and 2Zdor the reaction  range of previous measurements under these experimental
. . conditions, (1.74.2) x 10’ dm® mol-1s%. However, a search
H + CH,CH,0H — H, + CH;”CHOH 3) of the literature found only one other rate constant determined

) ) i at another temperature for this reaction. Smaller &tdikectly
was determined at three different pulse widths (doses). Thesemeasured a value of 1.8 107 drmm® mol-1 s~ at 281 K. Our

values are shown in Figure 1, with excellent linearity for these interpolated rate constant of 1:1107 dm? mol-1 s 1 s slightly
scavenging plots observed. The slopes of (20103)x 10/, lower than this value but within the combined errors of the two
(2.20+ 0.02) x 107, and (2.58+ 0.02) x 107 dm®mol 't s & jies.

for the 12, 25, and 55 ns pulses, respectively, suggest that this . yth Ethanol-ds. The use of fully deuterated compounds
measurement has a slight dose dependence. This has beegs standards in steady state competition hydrogen atom rate
obser\{ﬁ_)d in several hydrogen atom reaction studies previ- constant determinations has the advantage that the HD product
ously**5 and is attributed to the background spin-dephasing s readily distinguished by mass spectrometry from the funda-
contributions of second-order spin exchange and recombinationqental yield of B produced in water radiolysis. Therefore
reactions between hydrogen atoms and other free radicals inanalogous experiments were performed for hydrogen atom
solution. The general expression for the effective damping rate (o ction with deuterated ethanol

of the FID in these experiments is given8by

1 "H + CD,CD,0H — HD + CD;CDOH (6)

=L+ S]+ SRR @

T, (eff) L in order to establish the Arrhenius behavior for this compound.
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TABLE 1: Summary of the Temperature-Dependent Rate 8.8 T T y T . T " T
Constant Data for Hydrogen Atom Reaction with Ethanol,
Ethanol-ds, 2-Propanol, and 2-Propanold; in Aqueous sal i
Solution |
scavenging rate constant, —~ 80} i
species temg,C dm*moltst o
ethanol 6.5 (1.08:0.17) x 107 Ry .
13.4 (1.38+ 0.05) x 107 o
22.0 (1.83+ 0.05) x 107 S 72} 4
30.8 (2.35+ 0.16) x 107 <
413 (3.47+£ 0.19) x 107 < .l
61.5 (5.82+ 0.16) x 107 &
70.6 (7.57+ 0.38) x 10 2
81.3 (9.37+£ 0.70) x 107 641 .
ethanolds 22.4 (2.32+0.22) x 10°
315 (3.64+£ 0.13) x 1C° 6.0 1 . ) . L . L . 1
433 (6.14+ 0.38) x 10° 28 3.0 32 3.4 3.6
51.0 (7.42+£ 0.70) x 10;3 10% / Temperature (K
gig gggi 8?12;§ 187 Figure 3. Arrhenius plot of logo kxn VS 1/T for aqueous hydrogen
79'6 (2.03:I: 0'21)>< 10 atom reaction with ethanold), ethanolels (M), 2-propanol ¥), and
2-propanol 54 G 95+ 0'10)>< 107 2-propanolel; (a) in comparison to previously obtained values for
8.8 (5'.9& 0:12)x 107 methanol ©). Solid lines are weighted linear fits, corresponding to
16.5 (7.23+ 0.23)x 107 activation energies of (24.24 0.29), (31.9+ 1.2), (22.29+ 0.59),
24.7 (1.02+ 0.03) x 108 (28.03+ 0.44), and (29.3% 0.76) kJ mot?, respectively (see text).
337 1.3340.03)x 10°
45 5 gllsojE 0.05;>X< 10 (6.7)1%%"?methanol (-25),?° and 2-propanol (8.3)'.1429.30
51.0 (2.35+£ 0.13) x 10° There has only been a single literature report of activation energy
68.0¢ (3.004£ 0.11)x 1C® differences for hydrogen atom reaction with normal and fully
80.3 (4.29£0.21)x 10 deuterated compounds, where for 2-prop&r8in 6 mol dnt3
88.3 (4.98+0.17)x 10° H,SOy over the temperature range 19880 K a difference of
2-propanole; 5.7 (7.084+0.15)x 10° 1 . g .
6.6 (7.42+ 0.11) x 10F ca. 4 kJ mof! was obtained (see later). This isotope effect is
17.2 (1.10+ 0.02) x 107 somewhat smaller than the experimental difference of#7.8
24.7 (1.514 0.03) x 107 1.7 kJ mot? seen in this study for ethanol/etharul-
37.6 (2.4140.08) x 10; *H Reaction with 2-Propanol. Initial experiments to deter-
oz g-ggi 8-%?3? o mine the rate constant for hydrogen atom reaction with
: ' ' 2-propanol
71.8 (6.84+ 0.27) x 107
86.5 (1.12+ 0.20) x 1C°

. "H + (CHy),CHOH— H, + (CH,),COH  (8)
ap 7.

showed that the dose dependence observed for ethanol was much
The dose dependence observed for normal ethanol was alsqyjier for this alcohol, and therefore the reported values in
seen for this compound, and rate constants were again extrapogpje 1 gre the averages of the individual rate constants at the
Iated.to zero dose. The value obtained at pH 1.0 aﬂd ?12'4 various pulse widths. Experiments in acidic conditiongi
by this method wags = (2.32+ 0.22) x 10° dm mol™ s, 2.0) at elevated temperatures gave rate constants that were far

almost 1 order of magnitude slower than the analogous rate pigher than those expected from the extrapolation of lower
constant for ethanol. As this rate constant was close to the IowervalueS in the Arrhenius plot. This acceleration of the reaction

limit of detection for this experimental system, no measurements ;o constant was attributed to the dehydration of the 2-propanol

were made at lower temperatures, instead rate constants Werey torm the corresponding olefin, 28=CHCHs, as such
determined up to 79.6C. y '

: . . . behavior has been reported to occur for the lower aliphatic
The numbers obtained over this range are listed in Table 1

d lotted in Fi iohted p h alcohols in the presence of dilute acid solutions (although at
and are plotted in Figure 3. From a weighted linear fit on these ., o, higher temperatures), and to be catalyzed by the presence
values, the temperature-dependent rate constants are well

; . of certain metals such as nick&l. This unsaturated product
described by the expression would be expected to react at a far faster rate than the alcohol,
leading to an increase in the observed rate constant. Therefore
0g;0 ks = (12.03+ 0.21) — [(31 900+ 1200)/2.30RT] to obtain accurate hydrogen atom reaction rate constants for

) only 2-propanol at higher temperatures—@®) x 10-3 mol
dm~3 phosphate buffer was added to keep thepbland FID
traces were obtained using the 55 ns pulse width. Rate constants
obtained at lower temperatures using this method were found

determination of this rate constant. The rate constant 822, pe in excellent agreement with the values measured in acidic
ke = (2.32+ 0.22) x 10° dm? mol~* s7%, is consistent with a ¢ 1tion.

single competition-kinetics measurement for hydrogen atom  tha Arrhenius plot for reaction 8 is also shown in Figure 3

reaction with the analogous compound {#;0H, where & g gver the temperature range 588.5°C is well-described
rate constant of 6. 1C° dm?® mol~1 s~1 at room temperature by the equation

was obtained* The ratio of the hydrogen atom reaction rate
constant with normal ethanol to that for the deuterated com- log; ks = (11.86=+ 0.05)— [(22 000+ 260)/2.30RT] (9)
pound,ky/kp = 8.8 observed in this study at room temperature,

is in good agreement with the analogous data for reaction with The activation energy of 22.08 0.26 kJ mot? is slightly lower

the normal and deuterated acetate ion (17255 formic acid than the value for ethanol, consistent with the formation of the

giving an activation energy of 318 1.2 kJ mofL.
A search of the literature failed to find any previous
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more stable radical product. The room temperature (22)0 TABLE 2: Activation Entropy and Enthalpy Contributions

calculated value i& = (9.34 + 0.07) x 107 dm® mol~! s72, from ab Initio HF/6-31G* Calculations
slightly higher than the recommended value of %.4.0" dm? zero-point
mol~! s118 This measured rate constant is in excellent contribution/ electronic energy v,rtenthalpy v,rtentropy
agreement with a previous determination of (2@.0) x 107 alcohol  (kJmof?) (kJmof?!) (kJmolY) (JK™*mol™)
dm?® mol~1 s~ using this EPR technig@éut at the low end of  methanol 9537  -7.37 —5.99 —96.86
the range of the previous determinations under these conditions,methanole; 95.37 —2.19 —0.58 —97.07
(6.5-17) x 107 dm?® mol~ 511718 isotope effect 0 —5.18 —541 +0.21

There has been one previous investigation of the temperatureethanol 88.53 —7.86 —5.92 —96.36
dependence of this reaction, where in 6 moldmi,SO, over ethanoles 88.53 —2.48 —0.48 —96.19
the temperature range 19@80 K an activation energy of 16  isotope effect 0 —5.38 —5.44 —0.17
+ 2 kJ mol* was found®® The Arrhenius behavior of all the g-propanold 88228'314 —Z-Zg —g-gg —gg-gi

i -propanole; : -2. -0. —95.

rate constants was given by isotope effect 0 537  —539 ~0.40

log,o k= (11.0+ 0.1) — [(16 000+ 2000)/2.30RT] (10) . .
determined over the temperature range-2880 K35 with values

For the one overlapping temperature point of the two studies, described by the equation

T = 5.4°C, our rate constankg = (5.95+ 0.10) x 107 dm?

mol~1s2, is within the (relatively large) error of their calculated 10,0 K3 = (9.62+ 0.04)— [(17 600+ 1200)/2.30RT]

value of ca. 1.0x 10% dm® mol~1 s71, (14)
*H Reaction with 2-Propanol-d;. Identical experiments were
also performed for deuterated 2-propanol, At 22 °C, the calculated gas phase rate constant is 2.28°

dm3 mol~1s71, about a factor of 3 slower than that observed in
‘H + (CD,),CDOH—HD + (CD,)’COH  (11) this solution study. The gas phase activation energy of 7.6
1.2 kJ mof?, however, is again approximately 6.5 kJ mbl
and again the apparent acceleration of the rate constant in acidigower than that observed in the liquid phase.
media at higher temperatures necessitated the use of phosphate |, rger 1o assess the source of these solvent effects and the
buffers. The measured temperature-dependent rate constantg,sasured isotope effects, ab initio calculationstbfand ‘D
are summarized in Table 1 and shown in the Arrhenius plot of jp o tion from the protonated and deuterated methanol,
Figure 3. Fpr this alcohol, the rate constants are described byethanol, and 2-propanol were carried out at the HartFegek
the expression level with 6-31G* basis set. Vibrational analysis of both the
transition state and reactants allows calculation of the activation
10g,0 ki, = (12.00+ 0.06)~ [(27 450+ 300)/2.30RT] enthalpies and entropies and the isotope effect, with the aid of
(12) the standard transition state expres&on

essentially having the same pre-exponential factor as 2-propanol
but with an activation energy higher by 4.75 kJ miol _ KT asmR) - (ariR) 15
acti , Keat= 1€ € (15)
The reaction in 6 mol d® H,SQ; solution has also been h
performed? as for 2-propanol, over the temperature range 77
273 K. Specific rate constants were determined for the wherek is the Boltzmann constanh is the Planck constant,

abstraction of D, reaction 11 (lggk = (10.80 & 0.03) — and the transmission coefficient has been assumed to be unity.
[(20 000+ 2600)/2.30RT]), and also for the abstraction of the ~ This level of theory is insufficient to give accurate electronic
hydroxylic H atom activation energies (the barriers are far too high), but the

comparison of isotope effects for the three molecules should

*H + (CD,),CDOH— H, + (CD,),CDO’ (13) give a reasonable qualitative picture for the gas phase reactions
in the absence of tunneling. The effects on internal vibrational
(logio k = (10.40 & 0.09) — [(23 000 & 3000)/2.30RT]), frequencies should be similar in water. Tunneling effects in
respectively. These expressions indicate that over the temperthe *H abstraction reactions are known to be important in the
ature range of our study {88 °C) reaction 11 would dominate. ~ gas phasé/3° but it has also been shown that tunneling may

The slight extrapolation of the results of ref 32To= 5.7 °C be substantially quenched in the aqueous environfient.

gives (1.1+ 0.7) x 10" dm® mol~ s™%, which is slightly higher Results of the calculations are tabulated in Table 2. It can

than, but within range of, our measured valu&gf= (7.08 + be seen that the activation entropy in these calculations has only

0.15) x 10° dm?® mol~* s7%. a weak dependence on isotopic substitution and roughly the
_ _ same value for all six molecules. Consequently the Arrhenius

4. Discussion pre-exponential factor should be nearly the same for the six

The comparison of the new measurements for ethanol with molecules, just as observed in water. Total activation enthalpy
the previous results for methafoprovides an interesting includes translational, rotational, and vibrational contributions
contrast. The Arrhenius plot for hydrogen atom reaction with as Well as electronic and vibrational zero-point energy. The
methanol is also shown in Figure 3 and is noted to have a highermajor isotope effect on the activation enthalpy reflects the
activation energy (29.4 vs 24.1 kJ m#) but essentially the difference in vibrational zero-point energies, and the isotope
same pre-exponential factor as ethanol. For methanol, the roomeffect is nearly the same for all three alcohols.
temperature gas phase rate constasft2.3 x 10° dm® mol~t Not indicated in Table 2 is the difference in dipole moments
s 1is virtually identical to the aqueous phase value of 284  between the three ground state alcohols and the corresponding
10° dm? mol~1 s71, although the liquid phase activation energy transition states, which amount to a decrease of several tenths
is 6.5 kJ mot? larger than the gas phase resdltThe hydrogen of a debye. The Kirkwood formutéfor solvation of a dipole
atom gas phase reaction rate constant for ethanol has beein a dielectric continuum is (in atomic units)
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